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SEMICONDUCTOR PROCESS AND INTEGRATED CIRCUIT 

Cross Reference to Related Application 

This application is a continuation of copending International 
.5 Application No. PCT/SE02/00838 filed April 29, 2002, and claiming a priority date of 

4 

April 5, 2001, which designates the United States. 

■ ■ • ' - - - ' t . , «... 

Technical Field of the Invention ' 

' , The present invention generally relates to ; the field of silicon IC^ 
technology, and more specifically to the integration of active and passive devices in a 
1 0 process flow, especially designed for bipolar RF-lC's. 

Background Of The Invention . . 

Advanced silicon bipolar, CMOS or BiCMOS circuits are. used today 
for high-speed applications in the 1-5 GHz frequency range, replacing circuits 

* ♦ 

previously only possible to realize using III-V based technologies. Their major 
15 application area is for modem telecommunication systems. The circuits are used 
mostly for analog functions, e.g. for switching currents and voltages, and for high- 
fi-equency radio functions, e.g. for mixing, amplifying, and detecting functions. 

• - * - 

To obtain transistors well suited for e.g. telecommunication , 
applications, not only a low transit time (high fj) is heeded, but also a high maximum 
20 oscillation frequency (fmax) and good linearity are required. To obtain this, the 
transistor must not only have a short and well-optimized vertical structure, but the 
internal parasitics, which mainly consists of collector-base capacitance and base 
resistance, must also be very low. Because of the electrons high mobility, the main 

* 

element for circuit design is the NPN-transistor. The process is thus designed with a 

♦ 

25 primary purpose to obtain NPN-transistbrs exhibiting optimal characteristics. 

.» . , 
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To facilitate circuit design, some kind of p-type device is also needed. It 
is possible to add high-performing PNP-transistors to the process designed according to 
the principles described above, but such an approach is usually very costly in terms of 
" additional mask layers and process complexity. 

44 ' . ■ _ 

"* ► ' ' ' . . , 

■ * • ' . ... .. , 

.5 However^ for most circuit designs, any. simple p-type of device is^ 

- usually enough to meet most design needs. In a BiCMOS . process/ the 

transistor can of course be used. In /a bipolar RF-IC process, lateral PNP-transistor can 

* ' ■ ' . . '' ■ ■ ' ' ' ■ ' ' ' . ' ■ 

usually be obtained without any further process c . 

While the active devices of the iC-process are continuously iniproved, 
10 there is a. need, to match this by improved device isolation. For quarter-micron 
technology and below, shallow-trench isolation (STI) is widely used to achieve an 

■ . • - ■ - _ • • . - . • • 

almost plaiiar surface. Using <ST1, compared to, LOCOS isolation, higher packing 
density, tighter design rules and lower parasitics, and higher yields for both CMOS and 
bijpolar circuits are achieved, see Nandakumar, A. Chatterjee, S. Sridhar, K. Joyner, M. 
15 Rodder, and I.-C. Chen, "Shallow Trench Isolation for. advanced ULSI CMOS 
Technologies", 1998 lEDM Tech. Dig., p. 133. Although demanding on the etching 
and refilling process steps, STI offers vast improvement in decreased area needed for 
isolation between circuit elements. Chemical mechanical planarization (CMP) has 

been widely used in the process flow to reahze STI. To fiirther reduce parasitics and 

, ■ • . ■ . . . , • . •■ 

20 cross talk for sensitive analog radio circuitry, deep trench (DT) isolation is used to 
replace junction isolation between the devices in bipolar processes, see P. Hunt, and - 
M. P. Cooke "Process HE: a highly advanced trench isolated bipolar technology for 
analogue and digital applications", Proc. IEEE CICC 1988, p. .816. DT isolation has 
also been used in CMOS, see R. D. Rung, H. Momose, Y. Nagakubo, "Deep trench 

25 isolated CMOS devices", 1982 lEDM Tech. Dig., p. 237, even though it is less 
common. For. high-performance RF-IC's, STI and DT can be used simultaneously, see 

■ • I ♦ . ■ ■ ■ ■ 

^ I • 
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the international patent application published as WO 0120664 (inventors H. Norstrom, 

*" \ 'm 

C. Bjormander and T. Johansson). ' / 

• - ' ' I .a 

•■I - « 

m * 

However, when using STI isolation for high-performance RF-IC's, the 
previously so successful utilization of the already existing structure to obtain a lateral 
5 PNP-transistor may not be possible. When the epi for the well of the structure is scaled 
below 1 jirn, in conjunction with, STI isolation (which reaches about 0.5 |im down; 
from the surface into the epi), no well region is present under the STI isolation on field 
areas after, processing. Instead, the subcollector is found directly under the field oxide. 
Although it is still possible to find the lateral PNP structure, the base now consists 
10 mainly of the heayily doped subcollector region, and conseiquently the current gain 
(beta) will be too low to be useful. Another way to obtain a p4ype device having 
reasonable characteristics must be found: . ~ 

■. " s ' ". 

s . ■ ■ . _ t 

' " ' ♦- * ■ 

^- , ■ . 

. Furthermore^ using the .STI isolation of today, problems of leakage 

■ ' . ■ . ' •• ' • ■ ■ 

. curi-ent between different device areas, rnay arise. Besides, it may be difficult to 

15 achieve very low base-collector capacitances in the bipolar transistors and a parasitic 

pnp-device (extrinsic base/n-well/p-well) of high beta, particularly if the n-well has 

very low doping, may cause problems. • 



Summary of the Invention ' 

Accordingly, it is an object of the present invention to provide a method 
20 in the fabrication of integrated circuits, particularly integrated circuits for radio 
frequency applications, which provides for effectiye production of high-quality 
. integrated circuits including bipolar -transistors ahd MOS devices, particularly PMOS- 

I. ■ 

' ' . ■- . » 

transistors and other p-type MOS devices, by using a minimum of processing steps. 

^ ■ . * . - * 

In this respect there is a particular object of the invention to provide 

25 such a method, which include a number of multi-purpose processing steps. 

■ ' . ■ • ■ . • ' ' '. . . " • ' 
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To. this end, the present invention comprises, according to a first aspect, 
a method including, the steps of: 

- providing a siHcon substrate, which may be a homogenous substrate or an epi layer on 

* • * 

top of a wafer; ' - ^ . " 

5 - forming an active region for the bipolar transistor and an active region for the MOS 
device in the silicon substrate, preferably.by doping two surface regions of the substrate, 
and/or two substrate regions of an epi layer on top of the substrate; 

- forming field isolation areas around^ in a horizontal plane,' the active regions, preferably 
by means of shallow trench isolation (STl), and optionally by means of deep trench 

A O ■ isolation (DT); . " ' ' ' ' 

- forming a MOS gate stack on the active region for the MOS device, preferably in the. 

*".»."-*• 

form of a gate polysihcon layer on top of a gate oxide layer; ^ - . - 

- forming a layer of an electrically insulating material, preferably a nitride, on the MOS 
gate stack and on the active region for the bipolar transistor; 

• - • 

15 - defining a base region in the active region for the bipolar transistor by means of 

* ' ' » ■ * 

* V • . * ^ 

producing an opening in the electrically insulating layer, preferably by means of etching, 
wherein 

* - * - ' 

- the opening in the electrically insulating layer is produced such that the remaining 

portions of the electrically insulating layer partly covers the active region for the bipolar 

> 

20 transistor, i.e. the outer portions along the circumference of the active region; and 

*. . - , .. • • - 

.... - • - - • 

- the electrically insulating layer remains on the MOS gate region to encapsulate and 
protect the MOS gate region during subsequent manufacturing steps, including 

' particularly steps of ion implantation, thermal oxidation, and/or etching. 

HOU03:9367962 5 ^ ■ ' - • 
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Advantageously, the electrically insulating layer remains also on the 
collector plug area of the bipolar transistor. 

! ■ ■ ■ » • . 

Preferably, a portion of the, electrically insulating layer is utilized as a 

' ' ' ' ■ . * " • ' 

dielectric in a parallel plate capacitor fabricated in the process. 

5 ■ Still a further object of the present invention is to provide a method in 

the fabrication of an integrated circuit, particularly an integrated circuit ..for radio, 
frequency applications, for 'forming a shallow trench for improved isolation of a 

vertical bipolar transistor cornprised in the circuit. 

In this respect there ,is a particular object of the invention to provide 
10 ■ such a method, which provides for the fabrication of a bipolM" transistor, which does ' 
' not have current leakage problems. ^ 

* ' ■ '* ' * 1 • 

. "•■ ' V ■ To this end, the present invention .features, according to a second 
aspect, a method wherein: 



- a 



semiconductor substrate of a first doping type, preferably p, is provided; 



15 - a buried collector region of a second doping type, preferably n, for the bipolar transistor 
is formed in the substrate; 

: - a silicon layer is epitaxially grown on top of the substrate; 

• . - ... • • - _ 

. - an active region of the second doping type for the bipolar transistor is formed in the 
• epitaxially grown silicon layer, where the active region-is located.above the buried 
.20 collector region; • 

r a shallow trench is formed in the epitaxially grown silicon, layer and the -silicon 
' '- substrate, where the shallow trench surrounds, in a horizontal plane, the active region 
- - and extends vertically a distahceiiitp the substrate; and .. 

..... ' ■ ... ' ^ • • • . - , . 
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- the shallow trench is filled with an electrically insulating material. 

Preferably, the buried collector region and the shallow trench are 

^ ... . . , ■ . • 

formed relative each other such that the buried collector region extends into areas 
located underneath the shallow trench. 

■I . . 

I ■ ■ • • 

5 Yet a further object of the present invention is to provide an integrated 

> • 

circuit, particularly an integrated circuit for radio frequency applications, including a 
vertical bipolar transistor, which is isolated by means of a shallow trench in a novel 
manner, such that aii improved performance of the transistor, and thereby the 
integrated circuit, can be achieved. . 

10 . . To this end, the present invention includes, according to a third aspect, 

an integrated circuit comprising: " 

- a semiconductor substrate of a first doping type, preferably p, where the substrate has 
an upper surface; ^ . , 

- a vertical bipolar transistor formed in the substrate, where the transistor includes an 
1 5 - active region of a second doping type, preferably n, where an emitter^ and a base are 

formed, and, a buried collector region of the second doping type, where the buried 
collector region is located underneath the active region; 

* 

' ■■ . ■ . ' '> . ' - ■ . . ■ • 

' . * ■ "■ - • * 

- a shallow trench for isolation of the vertical bipolar transistor, where 

- the shallow trench surrounds, as seen along the surface of the substrate, the active 
20 region of the transistor, is filled with an electrically insulating material, and extends 

vertically fi*om the upper surface of the substrate and down into the substrate to a depth 
where the buried collector region is located. 

J ... < . ^ • 

HOU03:936796.2 . . ' " 7 - 
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The buried collector region extends preferably into areas located 

- ■ ■ . . . ^ . • 

underneath the shallow trench,' and the buried collector is connected to a collector plug, 

'** ■ .' ' - • 

which also is surrounded by shallow trench; 

Brief Description of the Drawings 

. • " . - ■• , . , 

Further characteristics of the inyeiition and advantages thereof will be 

evident from the detiailed description of prefen-ed emb^^ the present ) 

invention given hereinafter and the accompanying Figs. 1-22, which are given by way 

of illustration only, and thus are not lirnitative of the present invention. . : ; / 



* ■ ■ 



Figs. 1-3, 43, 5-19, and 20a-b are highly enlarged cross-sectional 

views of a portion of a semiconductor structure diiring processing according to a 

-I- . . • • 

preferred embodiment of the present, invention. • 

' Eigs. 4b .aiid 20c are SIMS (secondary ion mass spectroscopy) 
diagrams showing, doping. profiles of.an n-well on top of a buried collector structure 
and of an NFN transistor, respectively, as fabricated according to the preferred 
embodiment of the present invention. 

• • • • 

Figw 20d is a diagram of the base-collector capacitance as a function of 
base-collector bias voltage for NFN transistors produced according to a production 
process of the invention (lower curve) and according to a prior art production process 
(upper curve) ' 

Figs. 21-22 illustrate the layout ^o^ irpportant masks and the 

electrical connections to component areas of the main components as nianufactured 

1 . " • ' m 

according to the present invention. ! ' ' • 
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Detailed Description Of Embodiments 

In the following description, for purposes of explanation and not 

s 

limitation, specific details are set forth in order to provide a thorough Understanding of 

; ; ■ ■ *. . " - • 

the present invention. However, it will be apparent to one skilled in the art that the 

5 present invention may be practiced in other versions that depart from these specific . 

■ ■ . ■ . , • ' . .. 

details. 

■ ^ .... ; . ■ ! 

This description describes a. manufacturing method for an integrated 
silicon bipolar circuit for high frequency applications, including NPN-transistors^ 
nitride and MIM (metal-insulator-metal) capacitors, and resistors. Particularly, the 

* 

10 present description illustrates the concept of integrating PMOS transistors into the 

' . ' ■ ■ ■ *■ ^ 

. circuit with the purpose of creating simple p-type of devices, which are necessary for 
circuit diesign. 

_ . " ' . t ' . 

The importance of selecting a depth of the STI, such that the isolation 

.* ' . ' ' . ' ' ' 

reaches down to a highly doped subcollector layer, is emphasized: 
15 - - Available devices are the following ones: 

• NPN 

• PMOS ' 

• Quasi-lateral PNP device (derived from PMOS) - . 

■ " r • . ► 

• Nitride capacitor 
20 • MIM capacitor 

• Polysilicon resistors ■ ^ - ^ ' 

* - . - ■ 

With reference now to Figs. 1-22 a detailed description of an inventive 
embodiment of the process flow for manufacturing high-performance NPN-transistors, 
PMOS-transistofs and passive elements is presented in detail in twenty-two numbered 

«... 

- 25 ' sections. - . . 

. . HGU03:936796.2 9 ' • 
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1, Starting material 

Fig. 1 shows a cross section of a silicon p-type wafer, boron doped, 
before formation of a buried n+ layer (subcollector). The silicon wafer is an epi-wafer, 
including a substrate 10 consisting of a highly doped p+ wafer 11 having typically a 
5 resistivity of lO .mOhnicm, on which a low-doped silicon layer 12 of p-type has been 
grown. This epi layer is typically 5-10 jim thick and has typically a resistivity of 10-20 
Ohmcm. • 

It shall be appreciated that in a preferred version of the invention the 

low-doped silicon layer 1 2 of p-type is much thicker than illustrated in Fig. 1 . 

> .. . . . . « 

10 Alternatively, the p-type wafer can be a homogeneously low-doped p- 

' . type wafer (not illustrated) having typically a resistivity of 1-20 Ohmcm. 

Note that the term substrate in the summary above as well as in^ the 
description and the claims may refer to a homogeneous silicon substrate or to a 
structure with;an epitaxial layer on top of a wafer. 

15 2. Subcollector implantation 

With reference next to Fig. 2 a thin protective layer 21 of silicon 
dioxide is formed on the surface of the silicon substrate 10 by thermal oxidation, to a 
thickness of typically 20 nm. The purpose of this layer is to serve as a protective 
screen against contamination by metals or other impurities during the implant. The 
20 layer thickness is selected such that ion implantation in a following step can be 
performed through the layer 21 . 

A film 22 of photoresist is applied on the wafer surface and patterned 
by photolithography. The purpose of this patterned layer, also called SUB mask, is to 
define an area 23 for a buried collector of a bipolar transistor and doped buried areas 

HQU03!936796.2 10 
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. for a PMOS transistor 24, and for a capacitor 25, respectively, by masking subsequent 
ion implantation. \ 

♦ 

Next, ions for the doping of the subcollector are iniplanted, preferably 
arsenic using an energy of about 50 keV and dose of about 6E15 cm" , the doped areas 
being denoted by 26 in Fig, .2. (Throughout the description the annotation XXEYY 
will be used instead of XX * 10^^.) The energy has been selected such that the ions 
reach into the silicon through the thin oxide layer on unprotected are^s, but is hindered 

* ■ ' ■ ■ 

to penetrate the sihcon on areas protected by photo resist. After implantation, the 

-. . — ■ ' * ■ • 

photo resist is removed by comrhon wet or dry chemical methods. 

** ' . " - 

Other n-type dopants may alternatively be used to form the n+ 
subcollector region, e.g. antimony (Sb). However, using arsenic a lower resistivity for 
a given layer thickness can be obtained, which is. advantageous for the devices, e.g. 
lower collector resistance and lower sidewall collector-substrate capacitance. Also, 
since the diffusitiyity of arsenic is higher than Sb, a shorter drive-in time and lower 

■ r 

*r- * . ■ 

temperature is necessary to obtain a desired subcollector profile. 

3> Subcollector drive-in and oxidation and p-tvpe isolation implant 

t 

Next, a three-step heat treatinent is made. 

First a 600 °C anneal is used to recrystallize the damage in the 
implanted area. 

Next, a hi^ temperature drive-in at about 1100 °C is performed to 

redistribute the arsenic irnplanted in the subcollector, such that doped regions 31 as 

* ■ - ' ' . ■ 

shown in Fig. 3 are obtained. 

. » ■> 

• — ^ •■ 

The temperature is then lowered to about 900 °C, where an oxidation is 
done in a wet atmosphere. Since highly doped n-type areas have a higher oxidation 

HOU03:936796;2 .11 



068758:0139 PATENT 
01003US/RF/SM 

rate, on the areas implanted with arsenic a thicker oxide (-170 nm) will be obtained 

> " * I " 

here than on the non-implanted areas (-70 nm). Since silicon atoms will be consumed 
during this oxidation 40-50 nm high steps 32 will rernain in the silicon surface after 
removal of the oxide. The. imprint will later serve as an alignment mark at a 
subsequent lithography stejp. 

■ « 

Conventionally^ a pne-teniperature oxidation in the range of 1 1 00 °C is 

- ■ ' - * ■ . ■ 1 

used for this step. To create sufficiently high steps, a thicker initial oxide has than to 

be grown prior to arsenic implantation. The oxide is patterned and etched to define 

' . ■ . -I ■ 

buried collector regions, whereupon a thin screen oxide is grown in etched openings 
prior to implantation. The major contribution to the alignment step in the silicon 
comes from different oxide growth rates of thin and thick oxide regions. By using the 
iower oxidation temperature, as described in Y.-B. Wang, P. Jonsson, and J. V. Grahn, 
"Arsenic Enhanced Oxidation and Effective Control of Buried Collector Step", 1 96th 
Meeting of The Electrochemical Society (Honolulu, Hawaii, October 17-22, 1999), a 
simplified process flow without the need of separate layers for creating alignment 
marks can be used. 

Before removing the oxide, a p-type ion implantation, consisting of 
boron at a typical energy of about 120 keV and dose of 8E12 cm" is performed, the 
resulting p-doped regions being indicated by 33 in Fig. 3. The implantation is 
performed without any mask. The energy and dose is selected such that, in the n+ 
subcollector arsenic doped areas 31, the implanted boron is substantially not affecting 
the doping level (the number of donor atoms will essentially be unchanged). In the 
areas between the subcollector areas, however, moderately doped p regions 33 are 
formed, which will isolate the n regions 3 1 from each other. 

t > 

It" shall be pointed out that it is possible to dispense with the 
aforementioned p-type implantation and yet obtain functional devices by increasing the 
initial doping level of the starting material, from lowly p-type to moderately p-type. 

HOU03:936796.2 ^ ' 12 . ' 
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t 

However, the collector-to-substrate capacitance, from the n-i- subcollector region down 
to the p- substrate, will in such case be higher. 

The general procedure how to make subcollector n+ regions and in- 
between p-regions is also shown in US patent 5,374,845 to Havemarm. This patent, 
5 however, refers to Sb-doped layers, and the ahgnment step is created in a conventional 

* * . - 

way using a nitride-oxide bi-layer. 

4. Epi deposition and n-well implantation 

* .... < ' " I 

' M . . ^ - •% * It ■ 

The oxide 21 is removed, preferably by wet chemistry (hydrofluoric 
acid, HF). The previously described steps 32 at the silicon surface will appear, and an 

10 undoped (intrinsic) epitaxial sihcon layer 41, having a , thickness of about 0^.5 to 1 |im 
is grown on the stirface using cornmon techniques, see Fig. 4a. The layer 41 may 
alternatively be n^type doped during the epitaxial growth. A typical doping level 
would be about 1E16 cm'^ In the US patent 5,374,845 to Havemann, . the 
corresponding epitaxial layer is lightly doped (a resistivity higher than 10 Ohmcm), 

15 but is still considered to be essentially intrinsic. However, a homogeneously doped n- 
type epitaxial layer wilT later in the process flow complicate the formation of substrate 
surface contacts, so-called top-down contacts. 

• * 

During the epitaxial growth, high temperatures, in the 1 1 00 °C range, 
• are used. Acceptor atoms in the p-type implanted regions 33 will diffuse into the 
20 substrate, such that buried p- regions will be formed beneath the epitaxial silicon 41 in 
areas where no n+ subcollectors 3 1 are present. Note that the previously described step 
. is reproduced at the top surface of the epitaxial silicon layer. 

The epitaxial layer will, as described below, be doped in selected region 
to obtain regions of n^ and p4ype (n- wells and p-wells). In the n-type regions, placed 

25 directly above n+ subcollectors 31, bipolar transistors and capacitors are formed. 

* ■ * " ' * * . 

HOU03:936796.2 * * ' . " - 13 . . ' 
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Substrate contacts from the surface down to. the substrate are forrhed in p-type regions 
between n-type regions. . 

To obtain an NPN transistor with good, linearity (i.e. adds little 
distortion when ampHfying a signal), low base-collector capacitance with small 
- 5 voltage-variation is advantageous. The thickness of the epi and the doping of the n- 
well shall be selected in the present invention so that when iised in the NPN transistor, 

i .. , J,- . ... • ■, ■ ■ _ . . . • , , ^ 

I * 

the n- well will folly deplete, from the base to the subcoUector, already at low baser , 
collector bias voltage. The base-collector capacitance will therefore show almost 

range. This behavior is similar to a "punch-through" 

- " ' ' ' ' • . ... . ■ ♦ * " ' '' 

10 • collector device, see Niu et al., Proceedings of the IEEE BCTM Conference 1 999, p. 

50-53.- ■ ■ • ■ . • •' .••■■.=•- " ., .■ 

* * ■ 

■ ■ . - ■ ' ■ . ■. •■■ ■ ■ ^ ' - ■ ' 

The formation of a hard mask for a shallow trench is next made, the 

> * . ■ . ■ • . , . ■ ■ 

masking layer for the shallow trench is formed by oxidizing the silicon surface to form 
a layer 42 of thermal silicon dioxide typically of a thickness of about 10 nni. Next, an 
15 approximately 200 nm thick silicon nitride layer 43 is deposited by chemical vapor 
deposition (CVD). Other combinations of thicknesses and/or masking materials are 
. possible. 

An ion implantation through the hard mask follows which forms the 
aforementioned n-wells in the epitaxial layer. For this n-type implantation, 

20 - phosphorous is preferably used, typically at an energy of 650 keV and a dose of 9E1 1 
cm" . The implantation is performed without any lithographic mask layer. Depending 

. on the.electrical -requirements and the thickness of the h the energy and dose can; 

be selected in a wide range.. The ion implantation may alternatively include a multiple 

■■ ' . ■ . ■ ■ . ^ • . • . 

of implantations at different energies and doses, to obtain a smoother profile or a 

' • ■ - ' " ' ' '. 

25 doping profile that is highly doped away from the surface, i.e. a so-called retrograde 
profile. Jhe whole surface region of the wafer. consists now of n-well. P-wells in- 
selected areas will be formed at a later stage, siee section 9 below. The ri-weil profile 

HOU03:936796.2 . * - • • . 14 ' . 
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can alternatively be formed by in-situ doping of the epi-layer with e.g. phosphorous or 
arsenic. 

The resuhing structure is shown in Fig. 4a and the doping profile of the 
n-well on top of the buried collector structure at this stage is illustrated by the SIMS 
5 diagram in Fig. 4b. \ 

In sections 5-8, the device isolation using shallow and deep trench , 
isolation will be described. The isolation scheme is also described in the international 

* r 

publication WO 01 20664. . 

5. Formation of shallow trench and active areas 

10 The forrnation of a shallow trench is now considered. A photo- resist - 

*>> ■■. 

(not illustrated) is applied on the nitride layer 43, and is exposed using a first mask, so 

,1 • . 

called STI mask, which leaves openings were the shallow-trench is to be etched. The 

etching, which preferably is anisotropic, is performed by reactive ion etching (RIE), 

through the nitride/oxide layers and into the silicon substrate to form tapered (vertical) 

15 shallow trenches 51 as shown in Fig. 5a. The preferred depth of the trenches is 0.2-0.7 

' jim, or more typically 0.3-0.5 ^m, from the upper surface of silicon layer 41 . 

The photo resist is removed subsequent to the etching of the shallow 

trenches. 

4 

Alternatively, oxide/nitride bi-layer 42, 43 is etched, after which the 
. 20 resist is stripped. Theii, in a step the STI is etched using the bi-layer 42, 43 as a hard 
mask. . 

* 

» 

An alternative preferable design of the shallow trenches 51 will be 

* ... « ■ ■ 

described briefly with reference to Fig. 5b. 

HOU03:936796.2 " . - " ' 15 - . ' • . . * • 
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The shallow trenches 51 can be formed such that they extend vertically 
frdm the silicon surface, i.e. surface of silicon layer 41 on top of substrate 10, and 
down to the.buried collector region 31, and preferably further down to a depth which is 
deeper than the depth of the buried collector layer 31; the overlap distance being 
5 denoted by z in Fig. 5b. 

Further, the buried collector region 3 1 and the shallow trench 5 1 can be 
formed relative each other such that the buried collector region 31 extends into areas 
located underneath said shallow trench, such areas being denoted by x in Fig. 5b. 

Such design exhibits. a number of advantages. Problems of a leakage 
10 . current between different device areas are avoided; and thus an improved device 
isolation is obta.ined. ' 

♦ * • ■ 

The design provides for a lowly doped n-well 41 (especially suited for 
the bipolar transistors) due to the deeper shallow trench^ Low values of the base- 
collector capacitance Cbc can be realized. A parasitic p/n/p device, which may result 

* ' ■ * 

15 from other processes, consisting of extrinsic base/n-well/p-well, is avoided, since 
buried collector areas also extend under the shallow trench comers (to a distance x as 
illustrated in Fig. 5b). In a junction-isolated process, this parasitic device may have a 
beta larger than 10. A lowering of the n-well doping would increase beta as well as the 
risk of punch-through of the structure if not this inventive shallow trench structure is 

20 used. 

By the use of such inventive STI isolation, deep trench isolation, to be 
discussed in the following two sections, may be dispensed with, and still obtaining an 
isolation free from latch-up problems. 
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6. Formation of hard mask for deep trench, and deep trench etching 

■■ '• • • " . ■ . * " ■ . " 

With reference to Fig, 6 the formation of a hard mask for a deep trench is 
described. A silicon dioxide layer 61, typically of thickness 0.1-0.5 jim, is deposited, 
preferably conformably, e.g. by CVD, on top of the structure (i.e. remaining portions of 

5 the nitride layer and in the shallow trench). It is preferred that the oxide layer is deposited 
conformably as otherwise margins for subsequent masking and etching will be reduced. 
Photo resist is applied, and is exposed using a second mask, so called deep trench mask 
(not illustrated). The opening(s) of the trench mask may be placed anywhere inside the 
shallow tfehch regions. The width of the deep trench can be chosen by using different 

10 mask dimensions. It is usually preferred to use trenches of fixed lateral dimensions 
(thicknesses), preferably of about 1 jam or less, as problems otherwise will occur using a 
rion-unifonn etch and difficulties to refills 

. The oxide layer is etched by reactive-ion etching (RIE) to define the 

trench openings extending to the bottom surface of the shallow trench. On top pf the 

«. . ^ .• ■ ■ .1, • > . ■ . ^ ' ■ ^ 

15 nitride layer, the oxide layer is protected by the photo resist mask, and this oxide will 

later serve as a hard mask for these areas during the following etch step. The oxide 

layer is retained at portions 62 of the shallow trench area, where no deep trenches will 

be formed: After etching the photo resist is removed. , . 

* " ■ < ■ * 

In the international publication WO 0120664 mentioned above is 
20 discussed how to select the deposited silicon dioxide layer and align the trench mask 
such that the deep trench will be self-aligned to the edge of the shallow trench. 

■ ^ Then, deep trenches 6J ^^^^^^ 6T-as,a 
hard mask. If an oxide spacer is created, it defines the distance from deep trench to the 
active area. The depth of the deep trenches is at least a few microns, and more preferably. 
25 at least 5 microns. The resulting structure is shown in Fig. 6. The trench profile can be 
made straight, and/or tapered, with bottom roundings.' 
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Note that in the preferred version of the invention with thick lowrdoped 

. ' ' ' . ' ■ . * ■ 

silicon layer 12 of p-type referred W in section. 1 aboye, the low-doped silicon layer 12 
may reach down to a depth essentially corresponding to the positions of the reference 

. * .*-'■•', 

numerals 63 in Fig. 6. 

The oxide hard mask for the patterning of the. deep trenches is 
subsequently removed in e.g. HF: 



4 « 



J 



1. Filling and planarization of deep trench 

' : * Subsequent filling and planarization of trench areas -51, 63 can be 

.1." ' i *'■„ 

accomplished in several manners known in the art. As an illustrative example, the 
10 processing is continued by performing a liner oxidation; which purpose is to perform 
comer rounding at the sharp edge of the . trenches, to reduce stress and unwanted 
, electrical effects. This is accomplished by growing a thin (20-30 nm) thermal oxide 7 1 
^ at high temperature (> 1000 °C), see Fig! 7. The trench is filled in a conventional 
manner with .a 200 nm thick layer of TEOS and with 1 500 nm of polysilicon 72. The 
1 5 polysilicon is then etched back to remove all polysilicon fi-om the shallow trench areas. 

Alternatively, the polysilicon is planarized by chemical mechanical 
pohshing before the polysilicon is etched back in the shallow trench areas. Hereby, the 
recess of the polysilicon fill in the deep trench is reduced, and consequently, a thinner 

oxide can be deposited in the subsequent step to fill the shallow trench 

\ ■■ . . , - . 

20 ' The resulting structure is shown in Fig. 7.' 



8. Fiiling and planarization of shallow trench: bi-laver strip 

Next, the remaining shalloW trench is filled with e.g. CYD oxide or a 
high density plasma (HDP) oxide 81, and planarized, either by dry etching methods or 
by chemical mechanical polishing, see Fig. 8. . 
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As finishing steps for this process module, the nitride 43 and the oxide 
42 (seen inter alia in Fig. 7) on the device areas are removed, preferably by wet 
rnethods. The remaining structure now consists of oxide 81 on isolation areas, and 
bare silicon 41 on device areas* * . 

* * > * . 

5 9. Formation of p-wells 

In. selected areas (not illustrated in the Figures), p-wells will next be- 
formed. In a BiGMOS process, the p-wells are mainly used .for NMOS-transistors and 

« 

p-type substrate contacts. In a pure bipolar process, the p-well areas are mainly used 

- ♦ - . ' • ■ ' ■ " ■ 

for substrate contacts. Later in the process flow, a highly doped p+ contact at the ^ 
10 ^ surface can be. formed. The p-well areas are designed such that there will be no 
subcoliector n+ areas under the p-well areas, and thus the p-well areas can directly 

* ■ ■ " « 

contact the p-type substrate. 

■ • ■ ' ' ' " ■ ■ * • . 

4 * 

The p-wells are formed by first growing a protective oxide 91, see Fig. 
9. The oxide -91 will later in the process flow also serve as pad oxide between the 
15 silicon substrate and deposited silicon nitride. The thickness of the oxide 91 is 
typically 10 nm. 

A photo mask (not illustrated)^ called p-well mask, is then deposited 
and patterned. Boron is ion implanted in the silicon. The energy and doses are selected 
; such that the ions penetrate through the oxide into the silicon, but not through the 
20 photo mask. A double implant may be used to obtain a smoother or retrograde doping 
profile. In a particular example, a double implant of boron at an energy of 100 keV and 

a dose of 8E1 2 cm'^, together with another implant at an energy of 200 keV and a dose 

> ■ ' * 

of 1E13 cm were used to obtain a p-well doping about 1E16 cm" in the selected 
areas. After implantation, the photo mask is removed using conventional wet or dry 
25 methods. 

* r 
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In sections 10-12, additional steps for creating a PMOS-device in . the 
process flow will be described. The reason for adding the PMOS device to the RF-IC 

> • » r 

process flow was discussed previously in the text. The additional steps, as they are 

^ - ' * 

described here, can be completely omitted without affecting any other devices on the 

* • 

5 wafer. . 

■ \ 

: The aspects of the integration of a simple PMOS transistor with n+ gate ; 
. . and a lithographical gate length of about 0.8 [im will now be discussed, see e.g. pp. 392- 
397 in S. Wolf, "Silicon Processing for the VLSI Era, Volume 2 - Process Integration", 
Lattice Press, Sunset Beach, 1990. In conventional CMOS/BiCMOS processes in the 
10 0.5-2 |im gate length range, the most common choice for the gate material is heavily 
doped n-type polysilicon. In a double-poly bipolar process, heavily doped n+ and p+ 
polysilicon are both available. An n+ gate PMOS transistor was selected due to 

r - ' * * * 

process integration issues. The work function of the n+ gate polysilicon is ideally 
suited for the n-device, and for the p-device, a buried channel device will form. To 
15 adjust the threshold voltage to the desired -0.5 to -I V range, a p-type. implantation 
(boron) is used. This overcompensates the n-surface such that a p-region depleted of 
holes is formed. The exact boron dose is dependent on several parameters, e.g. gate 

r 

oxide thickness and well doping. 

10> Addin2 a PMOS device: threshold voltaee adjustment 

20 At this stage, the wafer surface consists of field oxide regions with 

thick oxide 81 (the STI), and device areas with thin oxide 91 (the 10 nm p-well oxide) 
as illustrated in Fig. 9. 

A photo mask 101 is now appHed, see Fig. 10, which is open on the 
areas, which shall serve as device areas of the PMOS device. The wafer is then 

T 

25 implanted with a p-type dopant, boron. The energy is selected such that. the dopant 
penetrates the areas not covered by the photo mask, but which are covered by thin 

* 
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oxide. Typically, an energy of 20T50.keV is used. The dose is selected to adjyst the 
threshold voltage (VTP) such that it will be in the -0.5 to -1 V range. A typical dose of 
l E12-iE13 cm-2 is used. The exact dose, or combination of doses and elements, is 
dependent on the oxide thickness and the background doping of the substrate under the 
5 PMOS gate, which in this process flow is set by implantations described in sections 4 

and 1 7, i.e. n-well implant and secondary collector implant. 

■ * • ■ . . ,■■ ■ ■ . , . . • . . . , . J . . ■ ■ 

Subsequently, the photo mask lOJ is removed. 

♦ . "... 
11. Adding a PMOS device: gate oxide and first gate material formation 

The p-well oxide (also known as Kooi-oxide 91 in Figs. 9-1.0) is removed 

1 0 by wet etching in HF, and is replaced by a gate oxide 111 for the PMOS transistor using 

thermal oxidation see. Fig. 11. This oxide renewal is due to high MOS requirements, as 

the quality of the p-well oxide is normally not sufficient as it has withstood several ion 

implantations. ... - . * 

Typically, a thickness of 1 5 nm or less will be selected for the gate oxide 
15 in thickness. In this particular example, which should support 5 V operation, a 
thickness of 12 nm is used. 

Following directly, a first undoped silicon layer 112 is deposited, using 
LPC YD, on the gate oxide 111. The deposition parameters are selected such that a non- 
crystalline layer is formed (alpha-silicon). This is achieved when the deposition 
20 temperature is below about 550 °C. The thickness of this layer is quite thin, typically in 
the 100 nm range, preferably 70 nm. Poly-silicon- which is formed at deposition 
temperature of about 625 °C can alternatively be used to protect the gate oxide. Using a 
polysilicon material, a wet etchant may penetrate the grain boundaries, but if an almost 
homogeneous alpha-silicon material is used instead, this effect ^is greatly. reduqed. 

' * - ' " ■ ■ ' •* ■ 

25 . TheresultingstructureisshowninFig.il. 
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1 

If the process integration so requires, a thin oxide layer (not illustrated) 
may be formed on top of the poly silicon at this stage. The thin oxide may consist of 
thermally grown oxide, deposited oxide, or thick natural oxide. 

I" 

i ' ' ' m. 

• • • ■ 

» » » ' 

■ 

12. Adding a PMOS device: MOSBLK-etch 

5 The deposited sihcon layer 112 needed to form part of the PMOS gate 

must now be removed from the other areas of the wafer. ' 

A photo mask 121, which covers the PMOS device areas (MQSBLK 
• mask, a reversed mask version of PMOSA^TP-mask 101) is applied to the wafer, see 

Fig. 12. Using mask 121 silicon is removed by dry etching, using the field oxide/gate 

• • . . ■ • ■• ■ , 

10 oxide 81/1 1 1 as etch stop. The resulting structure is shown in Fig. 12. 

The photo mask is then removed using conventional methods. 

r 

13, Collector contact 

For the formation of active devices (e.g. a transistor), a low-resistance 
path, from the surface of the wafer to the subcollector (e.g. a collector plug) is needed. 
15 Also, other kind of such low-resistance paths may be needed. Such paths are defined 
lithographically, by depositing and patterning of photoresist to obtain a DNCAP mask 
131, such that open areas. 132, 133, 134, 135 are created where the paths such as 
collector plugs are to be formed, see Fig. 13. In the illustrated circuit example, open 
area 134 is located where a plug together with a subcollector will form one electrode 
20 in a parallel plate capacitor. Consequently, the photo mask also defines capacitor area 
. 135. - 

After the photoresist layer has been patterned, doping is made in the 

■ . * * 

open areas. This is preferably performed using ion implantation, e.g. phosphorous at 
an energy of .50 keV and dose of 5E15 cm" , but other dopants, such as arsenic, can 
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alternatively be used, either solely or in combination with phosphorous. Particular care 
must be exercised when trench isolation is adopted. The details of the selection of 
energy and doses are discussed in international.- patent application published as WO 
9853489 (inventors: H. Norstfom, A. Lindgren, T. Larsson, and S.-H. Hong). 

* * 

After the implantation, still having the photo mask 131 present on the 
wafer, the thin protective silicon dioxide- layer .11 1 is removed in, the open areas, 
preferably using diy etching. Note that the oxide layer 1 1 1 is still present in other areas/ 
still covered by photoresist, e.g, parts of the device areas where the base region of the 
bipolar NPN-transistor later will be fanned (between the areas denoted 1 32 and 133). 

The resulting structure is shown in Fig. 13. , - . 

r ■ . m ■ 

The photoresist is then removed by conventional methods, after which 
the silicon wafer is given a two-step heat treatinent, typically at 600 °C for 30 minutes, 
followed by treatment at 900 °C for 30 minutes in non-oxidizing atmosphere, e.g. 
containing N2 or Ar. When using a thin epi, such in the present process flow, the heat 
treatment may be omitted without increase of collector resistance. 

14, Nitride capacitor formation and formation of emit ter/base openings 

" Atter the heat treatment, a thin silicon nitride layer, denoted 141 in Fig. 
.1 4, is deposited, preferably using LPCVD-technology, and typically to a thickness in 
the range of 20 nm. The purpose of this layer is threefold: 

(i) The portion ^of the nitride, layer in direct contact with the . silicon 
wafer in the capacitor area will serve as dielectric in the capacitor to be formed. Since 
the sihcon nitride has a dielectric constant (Cr), which is approximately tv^o times 
higher the than dielectric constant of silicon dioxide, a higher capacitance per area unit 

♦ , • - ♦ _ ■■ . 

. is obtained using nitride instead of oxide. • 

* . - ■ 
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(ii) The portion of the nitride layer that is deposited on the oxide in the 
active area, where the base connection is to be formed, gives an additional thickness to 
this insulating dielectric layer, which results in lower parasitic capacitance for the 
base-collector junction. 

\ ■ • . 

(iii) A portion of the nitride, layer encapsulates the first gate material 

112 of the PMOS transistor during subsequent processing. , . " 

. ' ' ■ _ . '> 

^ The nitride serves the purpose of aii oxidation-resistant mask. In 
absence of a protective nitride film, the heavily doped collector plug would oxidize 

' . ■ ■ ' ' ' ■ 

heavily, which eventually would cause generation of defects. It is therefore essential 

,' • . ' ■ ■ _ 

that the nitride layer remains on the collector plug area. Moreover, the nitride also 

protects the first polysilicon layer in the MOS gate stack from unwanted oxidation. 

•• . - ■ • • ■ . 

1 ■ ■ . ... 

Prior to deposifing the silicon nitride layer, the wafer niay be cleaned' 

shortly in diluted HF to remove any silicon dioxide possibly formed on the highly 

doped n+ areas. 

A different concept for realizing a reduced emitter-base capacitance for 

* 

a single-poly bipolar transistor in a BiCMOS flow is described in the following 
patents: 5,171,702 to S.H. Prengle andR.H. Eklund, and the previously mentioned US 
5,374,845 to R.H. Havemann. 

Subsequent to the deposition of nitride layer 141, the wafer is 
lithographically patterned by depositing a photoresist layer 142 and then opening the 
resist for the NPN;transistor to be formed, a so ciaHed E/B mask, as well as for ahy 
substrate, contacts in p-type areas (not illustrated). Opening 143 for the NPN-transistor is 
placed in an area with no field oxide 81 under the nitride 141, and properly spaced from 
the field oxide edge. Openings for substrate contacts are placed in p-well regions, on top 
of buried p-type regions (not illustrated). 

HOU03:936796.2 24 : 



068758.0139 PATENT 
01003US/RF/SM 

. . • * ' ! 

• . ■ - *' 

* .. • • - 

The nitride 141 and oxide 111 layers in the openings are removed by* 
conventional etching, preferably by dry methods, and preferably in a procedure where the 
nitride and oxide are sequentially etched. The etching is finished when the surface of the 
silicon layer 41 is exposed. For the NPN-transistor, the described method reduces the 
5 base area to the area set by the pattern, instead of the larger area defined by the field 
oxide openings. In this manner the base of the.NPN-transistor.can be separated from the 
edges of the field oxide areas, where a higher stress may exist. Such method of creatirig a 
well-defined smaller opening reduces the collector-base capacitance. 

The resulting structure is shown in Fig. 14. ' 

10 . Subsequent to the etching of the nitride 141 and the oxide 111 down to 

■ - . * • , • ■ 

the silicon layer 41 , the photo mask 1 42 is removed by conventional methods. 

15. FormatioA df extrinsic base layer - 

A thin silicon layer 151, in the range of 200 nm, is next .deposited on the 

.■ • . * . . 

structure using CVD-technique, see Fig. 15. The deposition conditions are selected such 
1 5 that the layer 1 5 1 will be amorphous, but microcrystalline or polycrystalline silicon can 
altematively be used. The purpose of the layer is to serve as an extrinsic base contact for 
the NPN-transistor, and the top electrode of the nitride capacitor. 

After this deposition, an ion implantation is performed. The purpose is 
to heavily dope the amorphous silicon layer to p-type. The selected species for ion 
20 implantation is preferably BF2 at an energy of about 50 keV and a dose of about 2E15 
cm' . Boron is alternatively/implanted at lower energy: The energy is selected such that 
the implanted boron atoms will not reach through the deposited silicon layer 151. If a 
non-crystalline silicon layer is employed the control of the implanted doping profile is 
enhanced. 

I 

• • _ ' * * « 

* ' ' ' 
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Ori top of the silicon layer 1 5 1 , a silicon dioxide layer 1 52 of a typical 
thickness of 150 nm is deposited using PECVD technique. Other types of low- 

' - • ■ * 

temperature oxide, e.g. LTO, can alternatively be used. The purpose: of using the 
PECVD technique is to keep the temperature so low that the amorphous silicon will 
not re-crystallize during the oxide deposition. The advantages of haying an amorphous 
silicon layer implanted with BF2 beneath a layer of silicon dioxide deposited by 
PECVD during the formation of extrinsic base contacts for NPN-transiStor is further 

I ' ■ * . _ 

described in the US patent 6,077,752 to H. Norstrom. ; . . 



% ♦ 



The resulting structure is shown in Fig. 15. 



10 16. Patterning of emitter openings 

Next, a photo mask 161, called RFEMIT mask, is applied to the structure, 

see Fig. 16. The . resist protects the upper electrode of the nitride capacitor, p-type 
substrate contacts and the areas, which will form extrinsic base areas of the NPN- 
transistor. Using the photoresist as a mask, the silicon dioxide 152 and the amorphous 
15 silicon 151 deposited in the previous step, is now removed using dry etching. The 
etching is stopped when the silicon nitride layer 141 is completely exposed on open field 
areas where it protects the collector areas and MOS devices. 

The etch is advantageously perfomied in a multi-chamber system (cluster 
system). In this case, an overetch removing 20 nm of silicon is performed in area 162 
20 with exposed silicon, i.e. the later defined intrinsic base area of the NPN-transistor. On 
top of the PMpS transistor, the similar silicon nitride 141 is present, and the etching will 
stop on this nitride, and leave the nitride almost intact. 

• t 
> 

The resulting structure is shown in Fig. 16. . 
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17. Selective implanted collector 

Next step is an additional doping in what will become the collector of 
the NPN-transistor, a so-called secondary implanted collector (SIC), indicated at 171 
in Figs. 1 6 and 1 7. the purpose is to minimize base widening and thereby improve the 
5 high-frequency properties of the transistor. In this particular case, it is performed as a 
, double phosphorous implantation. During the first step, 5E12 cm'^ of phosphorous at 
an energy of 200 keV is implanted, and during the second step, 4E12 cni" 

. * , 1 , • ' 

phosphorous at an energy of 420 keV is implanted. The order of these steps may be^ 
reversed, and thie exact energy and dose may have to adjusted to fit actual process 
10 parameters, such as epi thickness, temperature drive etc. during the processing. . ^ 

/ ■ ' i ■ ' . 

Note that since the photoresist 161 from step 1 6 protects part of the NPN 
transistor such that the implantation is only performed into the emitter-base opening, and 
as a consequence of thereof, no increased collector doping is obtained under extrinsic 
base contact 151. Hereby a low collector-base capacitance of the NPN-transistor is 
15 preserved. 

The PMOS transistor is not covered by any photo mask during the 
implantation and is totally penetrated by the implanted species, which sets the 
background doping of the n-well for the PMOS . transistor. The implant parameters will 
therefore affect the threshold voltage of the transistor, but can be compensated for by 
20 changing the threshold voltage implantation dose made in step 1 L 

' After the implantation, the resist is removed using conventional methods, 

arid a thin silicon dioxide 1 72, in the range of 1 0^20 nm, is thermally grown on the wafer- 

surface where bare silicon is exposed, that is, in the intrinsic base opening 162 (Fig. 17). 

. . '■ ■ ■ y 

The growth is made in wet atmosphere at the comparatively low temperature of 800 °C. 

25 During this step, the remaining PECVD-deposited oxide layer 1 52 on top of the extrinsic 

base electrode 151 will- consequently densify. On the sidewall of the structure, thermal 

oxide will grow on the exposed silicon. During the heat treatment, the amorphous silicon 
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' . • • • . ■ 

- 1 51 is converted to poly crystalline silicon, at the same time as the previously implanted 
boron is redistributed within the polysilicon to form p-type base contact paths 1 73. * 

f ' ■ * * ■ * 

« • 

18. Intrinsic base formation \ 

» ' ■■ ' '■ . .. ' ' 

In next step, boron will be implanted into the stiructure to form the 

• ' ■ ■• - * ■ • ' ' • 

5 intrinsic base region 174 of the NPN -transistor. In this particular examples, a boron . 

dose of about 1.5E 14 cm' is implanted at' an energy of about 6 keV. Changing the 

,,• . -. . ... ^ ,^ 

thickness of the thin oxide formed in the previous step may require change of the 

implant parameters. The implantation only penetrates into the silicon in the base area, 

I. • . . ^ • .1 

as other silicon areas are protected by means of nitride layer 141." 

M ' - - , ...... . _ . - . . ■ V .■ ■ . ■ ■» 

.10 . / After the implantation, the structure is fiirther oxidized, preferably in wet 

atmosphere at 800 "^C, which reduces the concentration of boron atoms at the 

silicon/silicon dioxide surface. 

.• i . ■ ■ ■ ■ .... . - . ■ 

. ■ . ' ■ - .... •■■■-*. 
Theri,^with reference to Fig. 18a, an about 120 nm thick layer of silicon 

nitride is conformally deposited with LPCVD-technique. The nitride layer is etched by a 

« • 

.15 special anisotropic etch until sidewall spacers 1 81 of silicon nitride remains where large 

* * « * . 

♦ . r * ' 

steps at the surface exists, such as in the intrinsic base opening 162 for the NPN- 
transistor (inside spacers). After this spacer formation, the opening of the intrinsic base is 
. henceforth referred to as the emitter opening 1 62. Not only the recently deposited nitride 
is removed, but also the thin nitride 141 (deposited in step 13) present on field 81 and 
■ 20 collector contact areas 41 and oh top of the PMOS gate structure 1 12 is simultaneously 
. removed in this etch. " ^ . . . - 

. . . ■ *• 

' In the center of the emitter opening 162 there renlains the thermal 

oxide, which also is to .be removed. The oxide may be removed by wet or dry etching. 
In this particular example a tworstep dry etch is used. The first etching step is oxide 
25 removal using RIE (Reactive Ion Etching) in a Ar/CHF3/CF4-plasma,' and the second . 

■ m . . 

. . etching step is a mild isotropic, silicon etch in situ in Ar/NFa to remove residues and ; 
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radiation damage from the preceding RIE etch. The second etching step removes about 
10 nm of silicon from the exposed area of the emitter opening. Since this etch affects 
the intrinsic base profilCj the etch depth may be controlled depending on requirements 
on current gain (beta or hpe) of the NPN-transistor to be manufactured: 

5 This second etch will also rernove part of the silicon used . as first gate 

material 112 on the PMOS transistor. The initial thickness of the gate material has been 
selected with such a margin not to cause any problems for the PMOS transistor. 

. " The resulting structure is shown ill Fig. 1 8a. 

• * - . . - ■ * . 

After the etching, a pblysilicon layer 182, typically 220 nm thick, is 

10 deposited using LPCVD-technique, see Fig. 18b. The layer 182 is. subsequently doped 

by ion implantation, preferably arsenic and/or phosphorous. 

• In the preferred embodiment, the doping is performed in three separate 

* . ■ , . . _ * 

steps. 

Firstly, the whole surface of the wafer is implanted . with arsenic at an 
15 energy of about 50 keV and a dose of 3E1 5 cm '^. 

* ■ ' * « 

Secondly, using a patterned photoresist mask (not illustrated), which 
leaves resist on area for resistors with low Values (Rlo) and high values (Rhi), an ! 
arsenic implantation at an energy of about 1 50 keV and a dose of 1 .2E1 6 cm" is made. 
The resist mask is subsequently removed. 

* ■ . ■ ■ 

20 Thirdly, another mask layer 183, see fig. 18c, which defines areas for 

low value3 resistors (Rlo)? and for contact plug areas 132, 133, 134, is patterned, and 
then phosphorous at an energy of about 25 keV and a dose of 4E15 cm" is implanted. 
The resist mask 1 83 is thereafter removed. 

. . " , • . . . 

J- •. 

* ''■ * * • ► ■ » 

V ' _ ' • . * • * . ■ 
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The high value resistors (Rhi) thus obtained will have a.sheet resistivity 
of about 500 Ohrns/square, while the low value resistors (Rlo) will have a sheet 
resistivity of about 100 Ohms/square. These resistance values can be changed by 
adjusting the doses and energies. ' . 

. ■ ! • . * 

An important feature is that the'polysilicon in contact \vith the emitter 
window receives two consecutiye arsenic implants, at different, energies. No 
phosphorus is allowed to enter the emitter pqlysilicon 1 82, see Fig. 1 8c. 

^ ' ' ' ' . . 

. . " . ..... !■ 

Ilie polysilicon in contact with the collector, however, is typicaHy' 
implanted using a combination of arsenic and phosphorous. By use of two different 
dopant species of same doping type, but which have different diffbsivities, a low- 
resistive and deeper collector contact is achieved. 

' ' * . ■■ ■ • ' ' ' - ' . . . - 

19. Emitter etch „ * 

The doped polysilicon 182 (in Fig. 18c) will next be patterned using 
lithography and dry etching, see Fig. 19a. In this step, the contact areas to the emitter 
191 and collector 192 of the NPN-transistor, the deeper electrode 193 of the nitride 
.capacitor, the gates 194 of the PMOS-transistor and the substrate contact 195 of the 
PMOS-transistor, and low and high value resistors (not explicitly illiistrated in Fig. 
19a) are defined. Note, that the illustrated PMOS device includes two PMOS 

transistors having thus two gate areas 194 (for fabrication of a quasi-lateral PNP 

. ■ • ■ ■ ■ ' . ■ ■" * ■ ' ^. ■ " • 

device). 

; ' Where' the polysilicon is in' direct contact with the mohbcrystalline 

silicon surface in the emitter opening 162, thd polysilicon will at a later process step 

operate as a doping source during.the drive-in of the emitter in the intrinsic base region 

174. Using photoresist mask 196, called EMI POLY mask, portions of the doped 

polysilicon is removed untif the field, oxide areas 81 are exposed. This; etching is 

preferably done using RIE with a Ch/HBr/Qa ^ . 
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The resulting Structure is shown in Fig. 1 9a. 

a 

After the etch, resist is removed using conventional methods. 

■■ . ' * • 

The oxide layer 152 on top of the p-type polysilicon layer 151 nbw has 
to be removed (not illustrated); This may be done by dry etching, either globally all 
5 over, the wafer, or locally using a photo mask 197,. called BASE OXREM mask, see 

fig. 19b, which is the preferred approach in this embodiment. The photo mask is 

. " , . ■ ' » . . • ■ ' 

patterned 3uch that openings are created over the p+ polysilicon layer. Then, the oxide 
is removed using RIE with an Ar/CHF3/CF4-plasma. The etching is stopped when the 
polysilicon is exposed in the resist openings. The advantage of using a photo mask, 
10 instead of a global etch, is that the field oxide areas. 81. will be protected by the 
photoresist, Otherwise they would have been eroded.. 

After etching, having resist still in place, an additional boron implant is 

• . . • . . - • . ■ ■ - '■ . ; - ' * 

. performed to dope the respective source and drain areas 198 of the PMOS, see Fig. 
. 1 9b. The extrinsic base 1 5 1 of the bipolar transistor, the top plate 1 5 1 of the capacitor, 
1 5 and polysilicon for p-type substrate contacts (not shown), will simultaneously be 
implanted. After completed etching and implantation, the photoresist is removed. 

20, Emitter activation and drive-in 

r 

A thin, about 30 nm, pxide layer 200 is deposited on the wafer. 
Preferably TEOS is used, but another oxides, such a.LTO or PECVD can alternatively be 

« 

20 used. 

On top on the oxide 200, a silicon nitride layer 201 of about 100 nm 
thickness is conformably deposited using LPCVD-technique. The resulting structure is 
shown in Fig. 20a. 

. ' ■ * * u 
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After the deposition, the wafer is exposed to high temperature to activate 
and drive-in the previously implanted dopants. 

In the preferred embodiment, the heat treatment is performed in a two- 
step procedure. The wafer is first given a furnace anneal of 850 °C, during about 30 
5 minutes, . which purpose is to redistribute the dopants more evenly in the implanted 
layers. This first step may in fact be dispensed with in the present process flow, since the 
semiconductor wafer already have received sufficient heat treatment during the 
deposition of the silicon oxide/nitride 200/201, which is typically performed at about 790 
°C for more than three hours. 

10 Secondly, another heat treatment in nitrogen at about 1 075 ""C during 1 6 

seconds, using an RTA (Rapid Thermal Anneal) equipment is made. The purpose of this 
anneal is to electrically activate the implanted species, and to set the final doping profiles 
of the emitter-base junction of the NPN-transistor, and the profile'of the PMOS device. 

Note that, the previously deposited silicon oxide 200 and silicon nitride 
15 201 layer remain on the wafer. Their purpose is to stop out-diffusion of the implanted 
dopants to the surroundings during the heat treatment. 

During the heat treatment, the arsenic, which was implanted in the 
upper n- poly layer 191 , will by diffusion penetrate into the intrinsic base and form the 
emitter-base junction. For this embodiment, the depth of the emitter 202 is about 50 
20 nm and the remaining thickness:of the intrinsic base 174 under the emitter about 50 
' nm. The concentration of arsenic in the emitter opening at the junction between the 
surface of the monocrystalline silicon layer and the polycrystalline layer is typically 
5E20 atoms/cm ^ The corresponding concentration of boron in the intrinsic base at the 
emitter-base junction is typically 1 El 8 atoms/cm" . , 

* * 

25 At the same time, the boron, which was implanted in the extrinsic base 

conta^ct poly layer, wilT diffuse and connect to the intrinsic base. For the described 
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manufacturing process, the^ extrinsic b^se depth is about 200 nm, . and the 
corresponding concentration of boron in the interface between the extrinsic base 
polysilicon and the monocrystalHne siHcon is typically 1E20 atoms/cm" . This highly 
doped region of p-type is called extrinsic base. 

4 « " * » 

5 the substrate contact is formeci in a corresponding manner, by out- 

diffusion of boron from the polysilicon layer of p-type. 

. The gates 1 94 of the PMOS transistor structure consists of the n+ poly 
layer (182 in Fig. 18b), i.e. the emitter poly, and the remaining of the first gate material 
' (1 12 in Fig. 1 1), which was undoped polysihcon. Durinjg the heat treatment, the n+ type 
1 0 ■ dopants have redistributed in the gate layers by, diffusion, such that the gates now are 
homogeneously doped with n+ material, and thus n+ gates 1 94 for the PMOS transistor 
- have been formed. - . 

The source/drains areas of the PMOS transistor are also activated by the 

heat treatment. 

15 The resulting structure is shown in Fig. 20a. 

After the annealing the resistor is lithographically defined, so that a 

4 

protective layer of photoresist will remain only over the resistor bodies (not shown). 
End portions of the resistors will be exposed. After patterning the silicon nitride layer 
201 and the silicon oxide layer 200 are etched away in the surface portions not covered 

■ t V ♦ ■ _ 

20 by the photoresist layer. The etching is anisotropic, such that spacers 203 are formed 
along the edges of the polysilic^^ " 

The process described herein in the manufacture of such so called 
spacers of silicon nitride on top of a thin silicon oxide layer is in substantial portions 
similar to the manufacturing process as described in U.S. Patent 4,740,484 to H. 
25 Norstrom et al. Thereupon, the photoresist layer is removed. • 

' . ■ ■ ; ' ■ , ■ - ■ -. - " . . ' " • ' 

f . * * ' 
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After removing the photoresist layer, the polysilicon. layer 1 94 of type 
N+ and the polysilicon layer 1 5 1 of type P+ can be provided with a thin silicide layer 
in order to reduce the resistance of conductors to the different electrode regions of the 
components to be manufactured - these conductors will then be shunted by such a 
5 silicide layer. This silicide layer can be constituted by e.g. PtSi, CoSi2 or TiSi2. In a 
preferred embodiment titanium disilicide TiSii is used, which is formed using a so- 
called "self-aligning method" on top of exposed silicon surfaces. Since the resistor 
bodies are. not exposed, but are protected by the remaining portions of the silicon 
nitride layer 201 , no silicide is obtained thereon. v 

» * . . ■ * 

k * r 

10 In such a self-aligned silicidation ("SALICIDE"), see U.S. Patent 

4,789,995 to Brighton et al. and U.S. Patent 4,622,735 to Shibata, a thin iiietal layer is 
deposited, in this case a layer of titanium having a thickness of about 50 nm, 
preferably by sputtering, over the surface of the -wafer. The metal layer is thereupon 
- made to react for a short time, about 20 seconds, with exposed silicon at an elevated 

15 temperature of about 71 5 DC in a nitrogen gas atmosphere in an RTA-equipment. In 
certain cases also a mixture of oxygen gas and ammoniac can be employed. Thereafter, 
the titanium, which has not reacted with silicon, i.e. at those portions, which had no 
exposed silicon surface prior to the metal deposition, is solved away by wet chemical 
methods. This etching step, which selectively removes titanium, which has not reacted, 

20 affects the very titanium silicide only to a small extent. After the wet chemical etching 
process the plate is annealed at about 875 □ C during about 30 seconds, such that a low 
resistive form of titanium disilicide is formed. The silicide layer thus produced, which 
has a surface resistance of about 2 - 5 ohms/square, will then only be present on the 
previously exposed silicon surfaces of the plate, i.e. be self-aligned with these 

25 surfaces. 



V • ■ 
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The structure after outside spacer 203 formation and SALIGIDE (selfr 
aligned silicide) 204 formation is shown in Fig; 20b, and in Fig. 20c is shown a SIMS^ 
profile for an NPN transistor, fabricated in described process flow. 

Fig. 20d displays the base-collector capacitance of a NPN transistor as a 
5 function of the base-collector voltage. The lower curve shows the capacitance for a 

* - * 

NPN produced according to the inventive production. proces$ as described herein,, 
whereas the upper curve shows the qapacitance for an NPN transistor as-produced with 
a prior art process using a thicker epi and a higher well-doping, Both the total 
. capacitance value (represented by Cbc at 0 V Vbc) and less variation during the full 

mm' • ' • 

10 range are obtained. Note that the transistor produced" according to the invention fully 
. depletes already at a bias voltage of about I V. ... 

' By carefully tuning the retrograde profile as described in US Patent. 

• . ^ * • " u., 

6,198,156 by Johansson and Arnborg, the linearity of 4he .transistor can be fiirther 

improved. - 



15 21. Mask lavouts. contact holes to first metal layer 

Figs. 21a-c show mask layout views of the three main devices (NPN- 
transistor, a quasi-lateral PNP (i.e. the PMOS device) and the nitride capacitor), 
discussed in previous sections. The contact holes (chequered patterned) to the first 
metal layer iare also shown. . ' 

20 hi Fig. 2 1 a masks for the NPN transistor is shown, where 22 is the SUB 

-'Tnask, 211 is the STl mask (see section 5), 212 is the deep trench mask (see section 6), : 
213 is the p-well mask (see section 9), 142 is the E/B mask, 161 is the REFEMIT 
mask 1 96 is the EMI POLY mask, and 1 97 is the BASE OXREM mask 

Further contact holes are illustrated for the base 214, for the emitter 

> . . . 

25 215, and for the collector 216, respectively. . 

• • • V 

HOU03:936796.2 . * * ' . . . 35 . . 



068758.0139 ' PATENT 

010b3US/RF/SM 

* 

In Fig. 21b masks for the quasi-lateral PNP transistor is shown, where 
22 is the SUB mask, 211 is the STI mask (see section 5), 212 is the deep trench mask 
(see section 6), 213 is the p-well mask (see section 9),. 121 is the MOSBLK mask, 131 
is the DNCAP mask, 196 is the EMI POLY mask, and 197 is the BASE OXREM 
5 mask. Note that the design of this component differs from the cross sectional views as 
also the substrate contact is formed of annular shape. 

Further, contact holes are illustrated for the gate 2 1 7 (grounded), for the 
source 2 18 (collector) and drain 219 (emitter), and for the substrate contact 220 (base), 
respectively. - / 

10 In Fig. 21c masks for the nitride capacitor is shown,, where 22 is the 

SUB mask, 211 is the STI mask (see section 5), 212 is the deep trench mask (see 
section 6), 213 is the p-well mask (see section 9), 131 is the DNCAP mask, 161 is the 
. REFEMIT mask, 1 96 is the EMI POLY mask, and 1 97 is the BASE OXREM mask. 

Further, contact holes are illustrated for the upper 222 and lower 221 

15 electrodes. 

22. Connection to first metal layer 

Figs. 22a-b show an additional feature of the NPN transistor when 
connecting the transistor.to the first metal layer. 

To obtain a lowest base resistance (corresponding to the best frequency 
20 perfonnance), base contacts 221 are placed on both sides of the emitter E, as shown in 
Fig. 22a. Thanks to the dense layout rules, this can be rnade without changing the size 
of the transistor (which is usually not the case in prior art processing methods). 

However, some transistors in a circuit design may be used to output 
high currents. The layout in Fig. 22a may then be limited by the width , of the metal 
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contacting the emitter E (the current density in the emitter connection). Since the . 
extrinsic base, completely surrpunds the emitter and is covered by TiSi2 to further 
lower the base resistance; the metal connections would then be placed as shown in Fig. 
22b, with only a very small increase of the base resistance. 

5 Further, the same transistor layout can be used for double and single 

base contacts (only the contact holes and the metal layer have to be made differently), 

' ■' \ , - ' 

. The continued processing follows then essentially the process flow 

described in the international patent application published as WO 9903 151 (inventors 

H. Norstrom, S. Nygren and O. Tylstedt). 

10 If an NMOS device is to be manufactured in this process typically four 

more processing steps have to be added: masking and ion implantation of the NMOS 

gate region and masking and ion implantation of the NMOS source and drain regions. 

. . - >■ . ■ . ■ . , . *• . . 

. , ' . Further, an MIM capacitor can be added to the flow as described in the - 
international patent application published as U.S. patent 6,100,133 (inventors H. 
15 Norstrom and S. Nygren). 

It will be obvious that the invention may be varied in a plurality of ways. 
Such variations are not to be- regarded as a departure from the scope of the invention. All 
such modifications as would be obvious to one skilled in the art are intended to be 
included within the scope of the appended claims. : 
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